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Abstract 
Recently, obtaining the smooth surface of low roughness with high efficiency is increasingly desired in mechanical manufacturing. However, it 
is difficult for the traditional finishing technologies to satisfy both of surface quality and machining efficiency. A hybrid machining method 
including two or more process makes it possible to solve the problem. This paper presents a compound process (EMAF), which is a 
combination of electrochemical machining (ECM) and magnetic abrasive finishing (MAF). A novel tool that is capable of adapting to the two 
processes of different characteristics is designed and a comparative experiment has been made to investigate the effect of EMAF process. The 
result shows, the EMAF process is able to obtain better surface quality and higher material removal compared with traditional MAF. In 
operation, the ECM process must cooperate with the MAF process and the ECM must be kept in the passivation status. By means of optimal 
parameters selected, the surface roughness Ra can down to 0.2μm from 1.3μm in a few minutes when the EMAF technology is used to process
Al 6061. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
With the improvement of manufacturing accuracy, the 
surface quality of a part or component has become a key
property in mechanical manufacture. Therefore, finishing 
operation is more and more important in the whole production 
processes. In recent years, some new ultra-precision 
machining technologies have been developed, in which
magnetic abrasive finishing (MAF) is proved to be a good 
precision process [1-4]. However, the production of abrasives 
in the MAF process are rather complex and the material 
removal thickness is normally below 5μm due to a short 
service life of abrasives [2,4]. As a result, the surface 
roughness of the material after MAF is affected by its original 
value. If the abrasives cannot be renewed in machining, the 
finishing ability of this process is considerably limited. 
Electrochemical machining (ECM) is based on anode 
dissolving principle and has no tool wear. If MAF process 
combines with ECM, the abrasives could be protected. 
Moreover, the efficiency of electrochemical magnetic abrasive 
finishing (EMAF) is higher than any single process of MAF or 
ECM. This paper presented a study about EMAF process used 
for material Al 6061. 
2. Processing principle 
It is well known that Al 6061 is a soft and 
non-ferromagnetic material. During the MAF process, the 
debris produced in operation is not easy to be absorbed by the
magnetic abrasive brush and also hard to be removed out of 
the machining area. Consequently, the debris pushed by the
brush rolls on the machining surface. It won’t stop until meet 
with some high spots of micro morphology and gather around 
these spots, even making them connect to each other. This 
would cause the finishing surface to be uneven and lead to 
poor surface quality as shown in Fig.1. The surface of material 
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was microscopically examined using laser scanning confocal 
microscope (LSCM OLS4000) in this study. In the ECM 
process, the material is dissolved into ion scale and carried 
away by the electrolyte. So the hybrid process consisting of 
the MAF and the ECM may solve the problem. 
 
 
(a) 
 
(b) 
Fig. 1.Micro morphology of Al 6061 after MAF finishing: (a) original 
surface; (b) after MAF process, process time: 10min, other conditions see 
Table1. 
In hybrid processes, the most important thing is to identify 
the function of each machining method. For most of the 
hybrid processes involving ECM, the electrochemical function 
is taken as primary or main effect to remove the materials 
[5-8]. In experiment, we also positioned ECM process as the 
primary effect, which can dissolve material and produce a 
passivation.  MAF process serves as an auxiliary means 
which is used to remove the passivation film and to polish the 
surface of workpiece. Therefore, the ECM reaction can be 
guided and controlled by the MAF effect. It is necessary for 
the process that the electrochemical parameters should be set 
to create an environment suitable for passivation.  
 
 
Fig. 2.Polarization curve of Al 6061. Conditions: electrolyte solution: 8.5% 
Na3PO4 and 3.5%Na2CO3, scanning voltage: from -1.5V to 1.5V, cathode: 
platinum electrode, reference electrode: calomel electrode, reaction area of 
anode:5mm×15mm, other area of the anode was covered by insulating resin. 
 
An electrolyte solution consisted of Na3PO4 and Na2CO3 
was applied in the experiments. The concentration of these 
two ingredients are 8.5% and 3.5% respectively. The 
polarization curve of Al 6061 is shown in Fig.2. From the 
polarization curve, it can be seen that the passivation range of 
Al 6061 in the electrolyte starts from -1.3V and there is still 
some reaction current, in a state of incomplete passivation.  
3. Experimental device and method 
A machine tool shown in Fig. 3(a) consists of primary coil, 
turning spindle, workpiece fixture and auxiliary coil. By using 
different materials of non-ferromagnetic brass and 
ferromagnetic soft iron, the composited tool was separated as 
electrode and magnetic pole. Therefore, the working area of 
the tool was divided into two parts: ECM and MAF area. To 
satisfy different process requirements, the working gap of the 
MAF process was larger than the ECM. This kind of 
difference can be adjusted by changing the dimension of 
electrode or magnetic pole. To avoid short circuit of ECM, 
ferriferrous oxide powder with a size about 100μm has been 
used. SiC particle with average diameter 25μm, a weight ratio 
1:4 to ferriferrous oxide powder, was added as abrasives. 
Paroline was mixed with the abrasives so as to reduce the 
frictional resistance and keep the abrasives sharp [9]. 
 
 
 
(a) 
 
 
(b) 
Fig. 3.Schematic diagram and external photograph of experimental apparatus. 
In order to enhance the intensity of the magnetic field, an 
auxiliary coil has been attached on the workpiece fixture. Its 
magnetic flux density was measured in the way shown in 
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Fig.4(a) and the result was shown in Fig.4(b). Due to the 
auxiliary coil, the magnetic flux density in magnetic pole area 
has been promoted to 0.17T and varied from 0.17T to 0.28T 
dependent on different diameters away from the center of the 
end face. 
 
(a) 
 
 
(b) 
Fig. 4.Measurement of magnetic field with or without exciting current in 
auxiliary coil. Conditions: the workpiece was Al 6061;the exciting current of 
primary was 2A; working gap of Wp was 1mm;Rt and Rn was 16mm and 
6mm respectively. 
Experimental conditions are shown in Table 1. In order to 
obtain a better processing effect, a power supply with square 
pluses for ECM has been applied. 
Table 1 Experimental conditions 
Workpiece Al 6061 
Material and hardness 
 
HV f=0.05=138 
Dimension 50mm×50mm×3mm 
Original roughness Ra 1.2~1.3μm 
Composite tool  
External diameter 30mm 
Electrolyte tunnel diameter 4mm 
Working gap  
MAF 2mm 
ECM 1mm 
Power supply(ECM)  
Working voltage 12V 
Pulse frequency 5KHz 
Unbounded magnetic abrasives Total weight: 5g 
Ferriferrous oxide 
4g (100μm) 
HV f=0.05=955 
Abrasive SiC, 1g (25μm) 
Paroline 4 mL 
Processing Current 20A 
Machining time 10min 
Electrolyte  
Concentration of NaNO3 
8.5%Na3PO4 +3.5%Na2CO3, 
PH=8.7 
Flow rate Static 
4. Experimental Results and discussion 
4.1.  Machining time 
Fig.5 shows the surface roughness Ra and removal weight 
of EMAF under different machining time. The surface 
roughness measurement was performed with a surface 
roughness profile tester. The surface roughness was measured 
at the closest points available more than three times, and the 
arithmetic mean of the measured value was defined as surface 
roughness in this study. As time increases, the surface 
roughness descends at first and then gets stable while the 
material removal weight continues to increase.  
Firstly, the surface roughness is mainly caused by EMAF 
process itself. The removal depth hr can be calculated by 
following the equation (1), where m is mass, Ap is working 
area and U is material density. According to the removal 
weight shown in Fig.6, hr was ranged from 12.4μm to 56.1μm. 
Since the original roughness Ra is about 1.2μm, on the basis 
of relationship between Ra and the height of micro 
morphology the average height is above 5.0μm and below 
7.2μm. That means the EMAF process could remove the 
original profile totally. 
r
p
mh
A U                      (1) 
 
Fig. 5. surface roughness Ra and removal weight vs polishing time. 
Next, the surface roughness has little change when the 
machining time is over 10min. This is probably because the 
removal depth hr has been larger than the value of the original 
roughness and electrochemistry and magnetic abrasive effect 
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reaches a balance so the surface roughness no longer declines.  
Fig.6 shows the typical micro morphology of Al 6061 
polished by the EMAF process. The surface machined by the 
EMAF process is different from that by the MAF process 
(Fig.1b). It can be seen that the surface morphology was 
smooth and had no debris gathered around the surface after the 
EMAF process. 
 
Fig. 6. morphology of EMAF area, polishing time: 10min.    
4.2. Rotating speed  
The rotating speed decides the linear speed of the abrasive 
at different radial location on the end face. Accelerating the 
spindle rotation means to enhance the MAF effect in the 
hybrid process. Since the working current is set as 20A, the 
intensity of the ECM in the hybrid process has little change 
while adjusting the rotating speed. From Fig.7, it can be found 
that the variation of the removal weight is quite small. 
Therefore, the ECM effect can be concluded as the main 
reason of material removal. In addition, Al 6061 is 
non-ferromgnetic and the magnetic field was not strong 
enough. The ascended centrifugal force caused by the 
ascended rotation speed pulled the abrasive out of the tool 
area. The effective area of hybrid process would become 
weaker and led to lower removal weight. 
When the rotating speed is low, raising the rotating speed 
can speed up the rate of removing the passivation film and 
make the surface quality better. However, because the linear 
speed is not only decided by rotating speed, it is also related to 
radius. Actually, increasing the rotating speed would magnify 
the differences of the linear speed of different radial location 
and lead to uneven surface quality. Therefore the surface 
roughness begins to increase when the rotating speed is larger 
than a critical value. 
 
Fig.7. Surface roughness Ra and removal weight with various rotating speeds. 
4.3. Working current 
Fig.8 shows the finishing results with various working 
currents. According to Ohm law, the current through a 
conductor between two points is directly proportional to the 
potential difference applied on the two points. If the other 
conditions are constant, the machining current is decided by 
the potential voltage between the anodic workpiece and the 
cathodic composited tool. It is well known that if the working 
current was up to a critical value, the passivation film will 
fracture automatically rather than being removed by the MAF 
process. Therefore, when the current is too large, it will make 
the hybrid process to be a normal ECM process. This is the 
reason why the Ra ascends as the working current is further 
increased. 
 
Fig. 8. Surface roughness Ra and removal weight under various working 
currents. 
According to Faraday's law, the mass of a substance altered 
at an electrode during electrolysis is directly proportional to 
the quantity of electricity transferred at that electrode. 
Therefore, with the increase of working current, the removal 
weight increases. 
 
(a) 
 
(b) 
Fig. 9.Comparing strong ECM effect with weak: (a) 5A, Al 6061;  (b) 25A, 
Al 6061. 
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Fig.9 shows the morphologies under different working 
currents. The working current represents the intensity of the 
ECM effect in the hybrid process. In Fig.9(a), under the weak 
ECM environment, there are light grinding traces on the 
surface. But with large working current, the morphology 
revealed a phenomenon of strong electrochemical corrosion 
and the machined surface is nonuniform as shown in Fig.9(b). 
Therefore, it should be avoided for finishing Al 6061 to use 
excessive current. 
4.4. Working gaps 
For the fixed distance between the end faces of electrode 
and magnetic pole, increasing the working gap for one process 
means the increase of the other one at the same time. In 
Fig.10, the working gap refers to the distance between the 
electrode and the workpiece. Smaller working gap can 
enhance the intensity of magnetic field as well as the lapping 
pressure. However, it will narrow the space to hold the 
magnetic abrasive and make the connected force among the 
abrasives too strong to be dispersed and replaced. But if the 
gap is too large, the connected force will be too weak and the 
lapping pressure will reduce. This will make more abrasives in 
the status floating rather than grinding. So the working gap in 
the process should be chose with proper value.  
The surface roughness Ra curve in Fig.10 illustrates the 
point of view. The gap with 1mm is an optimum value. When 
the working gap is too large, the surface quality becomes poor. 
It is found that the influence of the EMAF process on the 
roughness is not significant when the gap is less than 1mm. 
Actually, the MAF process just play the role of removing 
passivation film in the hybrid process. That is to say, the 
function of MAF process only removes the passivation film in 
this case. This is reason why the surface quality didn't change 
too much when the working gap becomes small. 
 
Fig. 10.Surface roughness Ra and removal weight with various working gaps. 
4. Conclusions 
This study investigated the hybrid process of EMAF which 
is used to polish Al 6061 under different parameters. During 
the experiments, the removal weight, surface roughness and 
micro morphology have been measured to evaluate the state of 
the hybrid process. Some conclusions have been drawn as 
follows. 
1) The hybrid process of EMAF can be used to polish Al 
6061 and obtain a good surface quality compared with using 
the MAF process only. 
2) In order to improve surface quality, the ECM process 
must cooperate with the MAF process. During the hybrid 
process, the ECM reaction must be kept in the passivation 
status. 
3) According to the removal depth, the surface roughness 
of the EMAF process was caused by the process itself and had 
little connection to the original surface quality. 
4) There exist a limit of surface quality of the EMAF 
process with spindle-type tools due to uneven distribution of 
magnetic field and abrasive. 
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